We propose methods for extracting limits on the strength of P-odd interactions of pseudoscalar and pseudovector cosmic fields with electrons, protons and neutrons. Candidates for such fields are dark matter (including axions) and dark energy, as well as several more exotic sources described by standard-model extensions. Calculations of parity nonconserving amplitudes and atomic electric dipole moments induced by these fields are performed for H, Li, Na, K, Rb, Cs, Ba + , Tl, Dy, Fr, and Ra + . From these calculations and existing measurements in Dy, Cs and Tl, we constrain the interaction strengths of the parity-violating static pseudovector cosmic field to be 7 × 10 −15 GeV with an electron, and 3 × 10 −8 GeV with a proton.
We consider the observable effects that arise from the P-odd couplings of hypothetical pseudoscalar and pseudovector cosmic fields with atomic electrons and nuclei. The existence of a cosmic field that interacts with electrons or nucleons in a parity-violating manner would induce a mixing of opposite-parity states and lead to observable effects, including parity nonconservation (PNC) amplitudes and atomic electric dipole moments (EDMs), the measurement of which would probe the properties of the fields that gave rise to them [10] [11] [12] [13] [14] . PNC amplitudes are electric dipole (E1) transitions between states of the same nominal parity. Conventionally, the main contribution to these come from Z 0 -boson exchange between the nucleus and atomic electrons, see e.g. [15, 16] . Studies of atomic PNC and EDMs are relatively inexpensive low-energy tests of the standard model that are complementary to direct tests performed at high energy. Measurements and calculations of the Cs 6s-7s PNC amplitude stand as the most precise atomic test of the electroweak theory to date, see e.g. [17] [18] [19] [20] [21] .
In this work, we perform calculations of cosmic-field induced PNC amplitudes and atomic EDMs for several atoms and ions. In conjunction with experimental data, these calculations are necessary for determining or placing limits on important pseudoscalar and pseudovector cosmic-field parameters. We combine these calculations with the results of existing PNC experiments in Cs, Tl and Dy to extract limits on the interaction strength of a static pseudovector field with electrons and protons. The same method can be directly applied to extract a limit for neutrons when appropriate experimental data become available. Such experiments, e.g. with Yb [22] , are currently under way.
Theory.-The Lagrangian densities for the interaction between fermions and a pseudoscalar (PS) field via a derivative-type and a direct pseudoscalar coupling read
and
respectively, where ψ is the Fermion wavefunction with ψ ≡ ψ † γ 0 , η and ζ are dimensionless coupling constants (into which we have absorbed the amplitude of the field), γ 0 and γ 5 are Dirac matrices, and m f is the mass of the fermion. The interactions (1) and (2) are represented by the same Feynman diagram (Fig. 1 ).
In the above equations, φ = φ(r, t) is the dynamic PS field in question. Below we show that interactions (1) and (2) involving a static field do not lead to atomic parity-violating effects. With the assumption that the motion of the observer with respect to the field is slow compared to the speed of light, we can express this field as φ(r, t) = cos(ω φ t), for a particular choice of phase [14] , where ω φ is the energy of the field excitation. ans:ĥ
The Lagrangian density for the interaction of fermions with a pseudovector (PV) cosmic field ( Fig. 1) is
where we have absorbed the strength of the interaction into the components of the field, b µ = (b 0 , −b). The time-component of this coupling leads to the interaction Hamiltonian:ĥ
which could be either static
Interaction with electrons.-The interactions (3) and (4) with electrons induce small, oscillating contributions to PNC amplitudes and atomic EDMs. The effects of (6) mimic those of (3) in the dynamic case, and mimic the conventional nuclear-spin-independent weak-charge (Q W ) induced PNC signal in the static case.
The matrix elements of the γ 5 and iγ 0 γ 5 operators are not entirely independent, they are related via:
where the states a and b are eigenstates of the atomic Hamiltonian,Ĥ, with eigenvalues E a and E b , respectively, and the index ı stands for summation over electrons. Equation (7) follows directly from the identity iγ We now show that a static PS interaction cannot give rise to observable P-odd effects in atoms in the lowest order (though note that a static pseudovector field can). To see this for a derivative-type coupling, note that the timederivative term in (1) vanishes for static φ, and that the spatial-derivative term in (1) is proportional to (∇φ) · σ e (in the non-relativistic limit), and does not contribute to the mixing of opposite-parity atomic states. To see this for the pseudoscalar coupling (2), we write the perturbed wavefunction for atomic state a to first-order as
ı |a , where we have used the relation (7). Hence, the first-order correction induced by the static PS interaction (2) to the amplitude of an electromagnetic interaction, which has the form
is the photon field and α is a Dirac matrix, is reduced to b|[α, γ 5 ] · A|a = 0. There are thus no corrections to electromagnetic amplitudes, including PNC amplitudes and atomic EDMs.
To analyze the dynamic effects, we apply firstorder time-dependent perturbation theory (TDPT) -see Ref. [14] for further details. We now make the assumption that the energy of the field particle is much smaller than the energy separation between all oppositeparity states of interest, i.e. ω φ/b |E a,b − E n | for all n. For a relatively light field particle, there is no loss of generality in making this assumption, except in the case where the atomic system of interest possesses close levels of opposite parity. This case will be investigated for Dy.
With this, we can present four comparatively simple formulae for the dynamic PNC amplitudes and atomic EDMs induced by the PS interactions (3) and (4):
For the PV interaction (6), the induced PNC amplitude,
can be either static, with b 0 (t) = b 0 , or dynamic, with b 0 (t) = b 0 sin(ω b t). In the dynamic case, the PV interaction (6) also gives rise to an oscillating atomic EDM:
In the above equations, we have defined the henceforth named atomic structure coefficients:
where d ı = −er ı is the E1 operator, and the indices ı and  stand for the summation over atomic electrons. Formulae (8) (9) (10) (11) (12) (13) provide the link between the atomicstructure calculations and the fundamental physics necessary to extract quantitative information about the fields in question. In deriving these equations we made use of Eq. (7) . Notice that the atomic-structure coefficients are the same for the γ 5 and iγ 0 γ 5 cases. The K PNC coefficients vanish in the non-relativistic limit [14] . In the calculations, this leads to significant cancellation between terms in the sum (14) . If the calculations were exact, this would eliminate the nonrelativistic part of the amplitude and leave only the relativistic corrections, constituting the correct result. In practice, however, the cancellation leads to significant instabilities in the calculations. To bypass this problem, we express the γ 5 operator via the exact relation:
whereΣ is the Dirac spin matrix,K = −1−σ·L [KΩ κ = κΩ κ for the spherical spinor Ω κ with κ = (l − j)(2j + 1)], whereĤ is the atomic Dirac-Coulomb Hamiltonian, L and l are the operator and value of the orbital angular momentum, and j is the total angular momentum of the single-electron atomic states. The commutator in (16) cancels exactly in the amplitude, and does not contribute. We thus calculate the K PNC coefficients free of large cancellation by using only the last term in (16) .
Interaction with nucleons.-The main contribution to the nuclear-spin-dependent PNC amplitude comes from the interaction of electrons with the anapole moment (AM), a P-odd, T -even nuclear moment that arises due to parity-violating nuclear forces [23] . The interaction between a PS or PV cosmic field and an unpaired proton or neutron will give rise to a contribution to the AM. This was considered for a PS field in Ref. [14] .
In the case of the static PV interaction (6), the dimensionless constant quantifying the magnitude of the anapole moment can be expressed as κ a = κ a +κ b , where κ a is due to parity-violating nuclear forces, and κ b is due to the PV field and is related to the field parameter b N 0 (the superscript denotes either a proton or neutron):
where m p and µ are the mass and magnetic moment (in nuclear magnetons) of the unpaired nucleon, respectively, G F is the Fermi constant, and we take the mean-square radius r 2 = 3 5 r 2 0 A 2/3 , with r 0 = 1.2 fm, and A the atomic mass number [14, 23] . No new atomic calculations are required -a limit on b N 0 can be extracted directly from existing measurements and calculations of κ a . Note that interactions with the dynamic PS (3) and PV (6) fields would induce oscillating nuclear anapole and Schiff moments, which would contribute to nuclear-spin dependent PNC amplitudes and atomic EDMs, respectively [14] .
Results and discussion.-Apart from Dy, we treat all the considered atoms as single-valence systems. We then use the correlation potential method to include corevalence correlations [19] . Core polarization and interactions with external fields are taken into account with the time-dependent Hartree-Fock method [19] . We estimate the uncertainty in these quantities from the effect that including correlations has on the values. By expressing the second term on the right hand side of (16) as 2γ
, and noting that singleparticle states are eigenstates of γ 0K (with eigenvalue κ), we can use Eq. (7) to invoke the closure relation and the amplitude for single-particle states reduces to
which requires no summation over intermediate states, does not contain significant cancellation, and can be calculated with relatively high accuracy. For the K EDM coefficients, the first term on the right hand side of (16) dominates the amplitude -it scales as 1/c whereas the second term scales as 1/c 3 . Inserting (15), we see that the K EDM coefficients scale proportionally with the static dipole polarizability, with corrections of the order (1/c) 3 . We use this fact as a test of our calculations, and find excellent agreement using published polarizabilty values, see e.g. [24] . Results of our calculations for the atomic structure coefficients K PNC and K EDM are presented in Table I .
The feature of Dy that makes it a particularly interesting system for the study of atomic PNC is the presence of two nearly degenerate opposite-parity states with the same total angular momentum, J = 10, at E = 19797.96 cm −1 . We use the notation A for the evenparity state and notation B for the odd-parity state, following Ref. [27] . The method we use for the calculations here follows closely previous calculations of PNC effects in Dy [28] . This particular configuration interaction (CI) method is described in greater detail in Ref. [29] . For Dy, it is the quantity B|γ 5 |A that is of direct interest, since here the transition between A and B is measured directly [27] . Due to the near-degeneracy of the levels in Dy, the first term on the right hand side of (16) does not contribute, and we perform calculations using 2γ 5K instead. To determine the uncertainty in this matrix element, we examine the effect of removing configuration states from the CI basis. Note that in the conventional PNC case, the relevant matrix element is highly dependent on the configurations used [28] . We find, however, that this makes little difference here, meaning the B|γ 5 |A matrix element is quite stable. We calculate this to be 0.7(2) × 10 −8 b 0 a.u. = 50(20) b 0 MHz. For the static case, the PV interaction manifests itself as a contribution to the PNC amplitude of a transition between two states of the same nominal parity. Therefore, by combining the results of the conventional (Q W induced) PNC experiments and calculations in Cs [18, 21] , Tl [30, 31] and Dy [27, 28] , with the calculations of the cosmic field-induced amplitudes from the present work, it is possible to extract limits on the value of the PV cosmic field coupling constant b e 0 for electrons. Using the measured value of the AM for Cs [18, 32] and Tl [30, 33] , along with the values of κ a and κ b from the nuclear theory [34] and Eq. (17), we have extracted limits on the constant b p 0 that quantifies the interaction strength of a PV cosmic field with protons (since the anapole moment in both Cs and Tl is due to an unpaired proton). Note that ongoing AM measurements with ytterbium will lead to a limit on the coupling to neutrons, since here the anapole moment is due to unpaired neutrons [22] . Ongoing measurements using francium [35] will also lead to limits on the couplings to fermions. We present both the electron and proton PV cosmic field coupling limits in Table II. For static effects, only measurements of static PNC amplitudes from conventional PNC experiments are needed to place limits on the cosmic-field parameters. For dynamic effects, however, a different style of experiment, in which one would measure small oscillations in the PNC amplitude or atomic EDM, is needed. The frequency and amplitude of these oscillations would enable one to extract values for the relevant field parameters [11, 12, 14] . For example, a determination of the frequency would provide the mass of the particle, and the amplitude of the oscillations would lead to a determination of the constants η, ζ or b 0 .
The high sensitivity of atomic EDM experiments makes them promising for the study of the oscillating effects considered here. Further enhancement in the sensitivity of the EDM measurements can be obtained by tuning the experiment to a specific frequency, see, e.g. Refs. [11, 12, 14] , where oscillating-EDM experiments have been recently considered. For example, axions with masses of 10 −5 eV/c 2 or 10 −9 eV/c 2 , corresponding to the "classical" and "anthropic" regions (see, e.g. [9] ), would lead to oscillations with frequencies of the order of GHz and MHz, respectively. For the case of axions, the coherence time may be estimated from ∆ω a /ω a ∼ ( GeV, come from Dy and Cs, respectively. These limits on the temporal components, b 0 , which are derived from Podd effects, are complementary to existing limits on the spatial components, b, derived from P-even effects due to the interaction of static cosmic fields with electrons, protons and neutrons, of 1.
GeV [37] and 8.4 × 10 −34 GeV [38] , respectively. For further details and a brief history on recent developments and improvements in these limits, we refer the reader to Refs. [39, 40] . Note that analogous oscillating P-even interactions can also be sought [11, 14] .
The prospect that atomic systems could be used as a probe for CDM has been considered in the literature, see e.g. [11, 14, [41] [42] [43] [44] [45] . In addition to inducing PNC effects and EDMs, pseudoscalar fields can also give rise to other phenomena, e.g. the axio-electric effect [46] [47] [48] [49] , and spingravity and spin-axion-momentum couplings [11, 14, 50, 51] . Searches for cosmic-field-induced EDMs can also be performed, e.g., in solid-state, nuclear and molecular systems. Static electron EDM and nuclear Schiff moment experiments in ferroelectrics are discussed in Refs. [52, 53] , for instance, and solid-state systems have already been proposed for use in the detection of axionic dark matter (see e.g. [12, 54] ).
We have demonstrated that atomic experiments investigating the P-odd effects discussed here are a viable option for searching for evidence of pseudoscalar and pseudovector cosmic fields, and for placing constraints on their interaction strengths with electrons, protons and neutrons. Finally, we mention that transient EDMs may also be induced by cosmic fields in the form of topological defects [55] . 
